Abstract-A novel imaging technique based on a frequency scanning antenna array is presented. The method is conceived to provide angular information in range-based radar systems which do not allow mechanical or electronic beam steering. The beam steering is changed with frequency, which requires a novel scattered field data processing scheme/algorithm to recover the SAR image.
INTRODUCTION
The use of microwaves and mm-waves in imaging systems has become very common nowadays due to the advantages of this frequency band as non-ionizing electromagnetic field, the use of mature technology and the capacity to penetrate dielectric bodies. Because of these reasons, electromagnetic inverse techniques are attractive for noninvasive applications in different fields, such as security and defense applications for detecting concealed weapons and buried objects [1, 2] , and medical diagnostics [3] .
This contribution focuses on the profile reconstruction of metallic objects, which can be of interest for the detection of concealed weapons and buried objects. There are several techniques to deal with the profile reconstruction problem of metallic objects: one is the Linear Sampling Method [4] , which determines if a point on the investigation domain belongs to the object-under-test (OUT) or not by solving a linear system of equations.
DESCRIPTION OF THE METHOD
The method proposed in this contribution is based on the use of a frequency scanning antenna array (FSAA). In this configuration, the transmitting and receiving antennas are fixed, and no mechanical or phaseshifters-based electronically beam steering alteration of the acquisition set-up is allowed.
This type of configuration in which no beam scanning is involved leads to a range-based radar, providing information in terms of the distance from the targets to the radar, i.e., range information.
Angular position information is provided by beam steeringbased systems. In the case of mechanically rotated antennas (e.g., primary radars), the main drawback is the cost of the radiofrequency rotary joint and the mechanical parts maintenance, especially at high Figure 1 . Analysis of the range and angular position information available depending on the measurement system to be used. Frequency scanning is an intermediate system in terms of amount of information provided.
frequencies. The use of active antenna arrays with electronicallycontrolled phase shifters is another option, but again the technological (and economical) complexity may limit its deployment [16, 17] . Figure 1 summarizes the concepts of range-based radars (fixed antenna beam) and beam-scanning systems, showing the amount of information provided in each case. It can be observed that beamscanning systems are the extension of range-based radars for a set of angular positions (or steering directions). In the case of range-based radars, the system resolution is given by the frequency bandwidth. Angular resolution of beam scanning systems is determined by the antenna beamwidth.
Frequency scanning is an intermediate technique between beam scanning methods that provide good range and angular resolution and the use of an antenna with a constant beam direction, which only provides range resolution. The frequency scanning systems provide a trade-off between angular and range resolution, as shown in Figure 2 .
The problem of the frequency scanning is intrinsic to the technique as the bandwidth for a fixed steering angle is zero (see Figure 1) , or, in other words, changing the frequency modifies the beam steering.
To deal with this drawback, several solutions have been proposed. One is the traditional SAR processing [13] [14] [15] : the SAR image at every frequency is formed using the scattered field information. To combine the SAR images at every frequency, each one is multiplied by the conjugate of the incident field of the array (which also changes with frequency), then all the contributions are added [2, 23] . This technique has been tested, obtaining typically a blurred SAR image where the scatterers could not be clearly distinguished. In consequence, this kind . Figure 3 . Subdivision of the frequency scanning bandwidth in frequency windows (∆BW n ), each one having associated an angular region S n of the reconstruction domain.
of processing was discarded. A second approach is based on a windowing technique. The method works under the assumption that, for a given frequency window ∆BW , the OUT region illuminated by the beam is assumed to be the same (it is considered that the beam position variation is small within ∆BW ). In consequence, the whole frequency bandwidth of the FSAA is divided into several ∆BW n windows, that are associated with angular regions (S n ) defined on the reconstruction domain (see Figure 3) .
The profile reconstruction for every n-th frequency window ∆BW n is performed by using the traditional SAR imaging: a SAR image is retrieved in the entire reconstruction domain (not only in the current S n ) using the scattered field information belonging to the ∆BW n frequency window. If the angular region S n associated with the ∆BW n frequency window is small enough, SAR image blurring due to the displacement of the beam steering inside the ∆BW n frequency bandwidth is negligible in that S n domain.
Frequency scanning imaging requires the knowledge of the FSAA beam steering characteristics. An accurate way to determine its behavior is by measuring the antenna array radiation pattern in the frequency bandwidth, and calculating the beam steering angle for every frequency. Once the relationship between frequency and beam steering angle is known, it is possible to define the angular regions S n associated with every ∆BW n . The SAR image reflectivity on each angular region S n is then given by:
where E meas (f m , r) is the measured or simulated scattered field (copolar component) observed at the point defined by the position vector r at the frequency f m . k 0 is the wavenumber, k 0 = 2π/λ. M is the number of discrete frequencies within the interval ∆BW n .
is the phase of the incident electric field radiated by the FSAA, evaluated in the reconstruction domain point defined by the vector r q . R is the distance between the position of the transmitting/receiving antennas ( r) and the reconstruction domain points ( r q ). And ρ n rec ( r q ) is the reflectivity on the r q point associated with the ∆BW n frequency window. A window function, W ( r q ), is introduced to define the angular region S n associated with the corresponding frequency window ∆BW n , so that the reflectivity values retrieved outside the current angular region are discarded.
Thus, the trade-off between range and cross-range accuracy depends on the frequency window bandwidth. Small ∆BW gives accurate angular position, but poor range resolution, and vice-versa.
RADAR SYSTEM EVALUATION
In order to analyze the frequency scanning imaging features, a theoretical frequency scanning array is used as transmitting antenna, assuming an omnidirectional antenna receiver. The array works in the 26 to 34 GHz frequency band. FSAA elements, emitting with T E polarization, are separated d e = 9 mm (d e = 0.9λ at the center frequency of 30 GHz). The parameter d defines the series feed line length, that determines the FSAA phaseshift [24] . Figure 4 represents the proposed simulation test bed, in which detection capabilities of the FSAA are tested for different parameters: number of FSAA elements (N ), series feed line length (d), and frequency window bandwidth (∆BW ).
The first step is the definition of the frequency -beam steering angle relationship. FSAA radiation pattern is evaluated from 26 to also possible to extract the cross-range resolution: assuming a −10 dB beamwidth criterion, the cross-range resolution is 20 cm at the center frequency (30 GHz), meaning that 2 objects separated more than 20 cm in cross-range could be distinguished. The next step is the definition of the reconstruction domain. A 100 × 40 cm domain is defined, enclosing two metallic flat plates which are chosen to evaluate the FSAA imaging system detection capabilities. The metallic plates are 6 cm wide in x axis, and 20 cm long in the z axis (perpendicular to the reconstruction domain). Physical Optics code is used to synthesize the scattered field data (forward problem). A comparison with a commercial MoM has been performed, finding negligible discrepancies between the results provided by both methods.
First, imaging capabilities for different number of FSAA elements are tested. Figure 6 shows the reconstructed SAR images for N = 3, N = 9 and N = 15 elements, with d e = 0.9λ, d = 1.2λ, ∆BW = 400 MHz. In the first case ( Figure 6(a) ), the wide beamwidth of the FSAA antenna does not provide enough angular resolution to distinguish the two metallic bars, while FSAA with N = 9 and N = 15 do. It must be remarked that secondary lobes of the FSAA may produce echoes in the retrieved SAR image, as observed in Figure 6 relationship, as depicted in Figure 7 . Longer feed line length increases the cross-range sweep margin, but also widens the S n regions for a given ∆BW n . Figure 8 represents the reconstructed SAR images for different d values. N = 15 elements FSAA is considered. It can be observed that the detection capabilities are not significantly distorted. The most significant effect is the variation in the S n regions width, so that the overall scanning region at y = 0 m goes from 45 cm (Figure 8 Finally, the influence of the frequency window bandwidth ∆BW is analyzed. For this purpose, N = 15, d = 1.2λ parameters are chosen. Figure 9 represents the FSAA steering position vs. frequency together with the division in ∆BW = 400 MHz and ∆BW = 1200 MHz, resulting in 20 and 6 angular regions respectively. SAR image results are depicted in Figure 10 . In this case, the influence of the ∆BW in the range and cross-range resolution is clearly visible: a window of ∆BW = 400 MHz provides reasonable x-axis distance resolution, allowing the identification of the two metallic bars. However, the position determination along y-axis (range) is not well-defined at all. If a wider ∆BW is chosen, range resolution is improved (see Figures 10(b) and (c)), but at the expense of loosing cross-range resolution. This fact can be observed in Figure 10(c) , where the angular position of the two plates cannot be clearly distinguished. In addition, it must be remembered that increasing the ∆BW may yield a degradation of the retrieved SAR image, as the assumption of invariant beam illumination within ∆BW becomes not valid.
MEASUREMENT RESULTS
Once the FSAA for imaging purposes has been tested with simulations, a practical case based on measurements is presented. For this purpose, an existing manufactured FSAA has been used [24] .
The FSAA parameters are N = 10, d e = 11.6 mm, d = 2λ g 0 , where λ g 0 is the guided wavelength at the center frequency f = 16.6 GHz [24] . T E polarization is considered, being E x the copolar component. The FSAA radiation pattern has been measured at the spherical range in anechoic chamber of the University of Oviedo, from 15 to 18 GHz, in 50 MHz steps. Figure 11 represents the steering angle as a function of the frequency.
From the results plotted in Figure 11 it is observed that the Normalized amplitude (dB) Figure 11 . Normalized electric field in dB radiated by the FSAA at different frequencies and steering angles.
angular margin covered by the manufactured FSAA is 40 degrees. That means 70 cm cross-range at 1 m distance. The cross-range resolution can be extrapolated from the antenna −10 dB beamwidth, which is approximately 15 degrees (26 cm at 1 m). That means that the FSAA imaging system would be able to distinguish two objects separated more than 26 cm. In order to provide a comparison, FSAA imaging capabilities are compared with the SAR image results provided by a radar system formed by two horn antennas. It is important to remark that, in all cases, the transmitter and receiver are fixed.
The FSAA and horn antenna used as transmitters are characterized by means of an equivalent magnetic currents distribution [25] [26] [27] . The E x field component radiated on the XY plane is plotted in Figure 12 (f = 18 GHz).
As a first example, a metallic bar placed at (x; y) = (0.3; 1.5) m with respect to the transmitting antenna is chosen. The bar is 2 m high in order to provide translation symmetry along z-axis, so that 2D approximation can be considered accurate enough. The measurement setup is shown in Figure 13 .
The scattered field is always acquired using a horn as receiving antenna. The field is acquired in the 15 to 18 GHz frequency band, sampled each 50 MHz. Reconstruction results are depicted in Figure 15(a) . In the case of using a horn antenna as transmitter, only range information is available (for representation purposes, the 2D SAR image is plotted as an arc, Figure 15(a) ), that is, the bar is placed 1.5 m away from the transmitter, but no information about the angular position can be extracted.
Next step is the use of the FSAA antenna as transmitter. Figure 15(b) shows the SAR image when a frequency window of ∆BW = 300 MHz is considered. Now, the SAR image not only provides range information, but also angular position, corresponding to the true placement of the metallic bar. Another echo is observed in the plot, on the right of the main spot. This is mainly due to the FSAA secondary lobes, which can be clearly appreciated in Figure 12 .
Second, a more challenging example has been tested. Another metallic bar has been added, placed at (x; y) = (−0.2; 1.5) m, that is, Figure 13 . Scattered field measurement setup using the FSAA as transmitter and a horn antenna as receiver, when the metallic bar is placed at the position depicted in Figure 14 . The upper left picture shows the measurement setup when two horn antennas are used. Two more configurations have been analyzed: the first one is depicted in Figures 15(e) , (f). In this case, the two metallic bars are placed at different range and cross-range positions, so the reflectivity levels are different due to the field attenuation with the distance (as this parameter is not taken into account in Equation (1)). Again, when transmitting with the horn antenna, only range information is provided, identifying two objects at distances of 1.2 m and 1.5 m respectively (Figure 15(e) ). By introducing the FSAA, the cross-range position is also estimated (Figure 15(f) ).
The last case consists on a metallic plate of 2.5 m along x axis and 1 m along z axis (height) placed behind the two metallic bars, in the plane y = 2.1 m (see Figure 17) . The goal is to analyze the influence of a strong scatterer in the imaging system. The use of the horn antenna as a transmitter allows identifying the range position of the 3 scatterers (Figure 15(g) ). The metallic plate distance corresponds to the points having specular reflection with respect to the Tx/Rx. FSAA results also provide a rough guess of the metallic plate shape (a line parallel to the x axis). However, only the points close to the specular reflection exhibit high reflectivity values (Figure 15(h) ). Also the shadow due to the metallic bar placed at (x, y) = (−0.2, 1.5) m can be observed in the reconstructed SAR image. 
CONCLUSIONS
A study of the FSAA imaging system features has been presented. The technique is conceived as a low-cost solution to obtain angular information of the target in range-based systems in which the antenna beam cannot be steered, either mechanically or using electronic variable phase shifting networks. A detailed analysis of the main parameters (number of antenna array elements, element phase shift, and frequency window bandwidth) influencing the range and crossrange resolution has been carried out, supported by simulation and measurement examples. Experimental results also confirm the system capacity to estimate the range and cross-range position of several metallic objects. Further work is devoted to improve FSAA features, aiming to extend system capabilities not only for objects detection, but also for shape reconstruction. 
